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Systematic comparison of the current repertoire of viru-
lence-associated genes for three Pseudomonas syringae 
strains with complete genome sequences, P. syringae pv. 
tomato DC3000, P. syringae pv. phaseolicola 1448A, and P. 
syringae pv. syringae B728a, is prompted by recent ad-
vances in virulence factor identification in P. syringae and 
other bacteria. Among these are genes linked to epiphytic 
fitness, plant- and insect-active toxins, secretion pathways, 
and virulence regulators, all reflected in the recently up-
dated DC3000 genome annotation. Distribution of viru-
lence genes in relation to P. syringae genome organization 
was analyzed to distinguish patterns of conservation 
among genomes and association between genes and mobile 
genetic elements. Variable regions were identified on the 
basis of deviation in sequence composition and gaps in 
syntenic alignment among the three genomes. Mapping gene 
location relative to the genome structure revealed strong 
segregation of the HrpL regulon with variable genome re-
gions (VR), divergent distribution patterns for toxin genes 
depending on association with plant or insect pathogenesis, 
and patterns of distribution for other virulence genes that 
highlight potential sources of strain-to-strain differences in 
host interaction. Distribution of VR among other sequenced 
bacterial genomes was analyzed and future plans for char-
acterization of this potential reservoir of virulence genes 
are discussed. 

Additional keywords: Arabidopsis, nonribosomal peptide syn-
thase, pathogenicity island, REP sequence. 

The genus Pseudomonas occupies a wide range of environ-
ments, with many strains and species adapted to niches associ-
ated with animals, plants, and insects. To date, genome se-
quences have been completed for 13 pseudomonads, with 
three sequences derived from isolates of Pseudomonas syrin-
gae, a species characterized by its ability to epiphytically colo-

nize and cause disease in plants. Many of the individual P. sy-
ringae pathovars, named for the plant species from which they 
were isolated, share a generalized disease cycle characterized 
by dissemination in association with plant material, coloniza-
tion of the plant surface, and onset of disease upon entry into 
the plant apoplast. However, dimensions of the bacterial-host 
interaction, including epiphytic fitness, host range, characteris-
tic symptoms, and disease severity, vary substantially among 
pathovars and strains. 

The three sequenced P. syringae strains represent each of the 
major monophyletic groups within the species (Sarkar and 
Guttman 2004; Sawada et al. 2002) and differ in the nature of 
their interaction with host plants (Buell et al. 2003; Feil et al. 
2005; Joardar et al. 2005a). P. syringae pv. tomato DC3000 is 
a causal agent of bacterial speck on tomato and Arabidopsis. 
Effector proteins secreted by the type III secretion system 
(T3SS) have been extensively characterized in this strain, and 
it has emerged as an important model system for exploring 
interactions between bacterial and plant gene products during 
the infection process (Lindeberg et al. 2006; Nomura et al. 
2005). P. syringae pv. phaseolicola 1448A is an economically 
important pathogen of bean and is closely related to strains 
causing devastating outbreaks in Africa (Fourie 1998). Type III 
effectors and other members of the HrpL regulon have also 
been extensively characterized in this strain (Chang et al. 
2005; Vencato et al. 2006). P. syringae pv. syringae B728a is 
the causal agent of brown spot of bean and, of the three se-
quenced strains, is best adapted for epiphytic survival and 
growth on the plant surface (Hirano and Upper 2000; Marco et 
al. 2005; Monier and Lindow 2003). Though many gene prod-
ucts have been implicated in different stages of host interac-
tion, including T3SS effector proteins, toxins, siderophores, 
adhesins, and proteins contributing to stress tolerance, knowl-
edge of the full range of factors contributing to host associa-
tion remains incomplete. What is our present understanding of 
gene products implicated in adaptation to the plant-associated 
niche? Of the factors thus far identified, which ones underlie 
strategies shared by diverse pathovars and which ones confer 
pathovar-specific phenotypes? These questions can be addressed 
by comparison of the repertoire of virulence and host-associa-
tion genes among the three strains, followed by analysis of 
their locations relative to overall genome structure. Though the 
ultimate goal of assessing patterns in gene distribution is the 
identification of regions likely enriched for additional host-as-
sociation genes, the pathovar-specific and species-specific genes 
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and regions identified during these analyses represent a valuable 
pool of potential molecular markers for use in genome-based 
diagnostics of P. syringae isolates. 

To date, a systematic three-way comparison has not been 
conducted for the P. syringae pv. tomato DC3000, P. syringae 
pv. phaseolicola 1448A, and P. syringae pv. syringae B728a 
genomes. “Lineage-specific regions” in DC3000 relative to P. 
putida and P. aeruginosa were previously identified based on 
enrichment for mobile genetic elements and DC3000-specific 
genes (Joardar et al. 2005b), but differences in gene repertoire 
and organization among P. syringae pathovars have not been 
thoroughly investigated. 

Review of the repertoire of genes implicated in virulence 
and host association of P. syringe is timely, given the signifi-
cant advances in identification and confirmation of predicted 
virulence factors since publication of the original genome an-
notations (Buell et al. 2003; Feil et al. 2005; Joardar et al. 
2005a). Some of this work has been conducted in P. syringae, 
while other insights are derived from ongoing research in other 
bacterial pathogens that has greatly expanded the pool of char-
acterized host-association factors with which the P. syringae 
genomes can be screened. Gene products with confirmed and 
candidate roles in virulence and host association are described 
in the following sections, with particular emphasis on those 
more recently characterized. These new findings are being in-
corporated into the appropriate genome annotation records at 
National Center for Biotechnology Information (NCBI) with 
updates summarized on the Pseudomonas-Plant Interaction 
website. 

Recent advances in characterization  
of P. syringae virulence and host-association factors. 

Epiphytic fitness determinants—biofilms, osmoprotection, 
and iron uptake. Survival on the leaf surface prior to or exclu-
sive of subsequent infection requires the ability to withstand 
stresses specific to the epiphytic environment and acquire nu-
trients in this highly circumscribed environment (Hirano and 
Upper 2000). Production of type IV pili and the exopolysac-
charide alginate, phenotypes associated with attachment and 
biofilm-associated protection in numerous genera, have been 
previously shown to contribute to either epiphytic fitness, viru-
lence, or both in P. syringae (Chang et al. 2007; Roine et al. 
1998; Yu et al. 1999). However, neither alginate nor the poly-
saccharide levan appear to be required for biofilm formation in 
vitro, suggesting that as-yet-uncharacterized polysaccharides 
are critical to P. syringae biofilm formation (Laue et al. 2006). 
A recently identified candidate is the mannose-rich Psl (poly-
saccharide synthesis locus) exopolysaccharide, shown by Ma 
and associates (2006) to play a critical role in adhesion initia-
tion and biofilm maintenance by P. aeruginosa. Given that 
orthologs of all 11 loci essential for Psl biosynthesis are pre-
sent in P. syringae (PSPTO_3529 to 3539), this polysaccharide 
may play a significant role in P. syringae–host interactions. A 
second polysaccharide with potential involvement in P. syrin-
gae biofilm formation is acetylated cellulose, implicated in 
biofilm formation and epiphytic fitness in P. fluorescens 
SBW25 (Gal et al. 2003; Spiers et al. 2003). The complete wss 
biosynthetic cluster, characterized in SBW25, is present in P. 
syringae pv. tomato DC3000 (PSPTO_1026 to 1034) and pro-
duction of cellulose by DC3000 has been confirmed (Ude et 
al. 2006). 

Bacteria living epiphytically experience significant oxidative 
and osmotic stress (Hirano and Upper 2000). Tolerance of UV 
and oxidative stress is typically addressed through deployment 
of enzymes involved in quenching of reactive oxygen species 
as well as rulAB-encoded DNA polymerase for repair of UV 
damage (Sundin and Murillo 1999). Osmotic stress is mitigated 

by exopolysaccharide production and import of osmoprotec-
tive compounds that, like betaine, function directly as compati-
ble solutes or, like choline, serve as precursors for compatible 
solute synthesis (Boncompagni et al. 1999; Landfald and 
Strom 1986; Wood 1999). Recent investigation of osmoprotec-
tion mechanisms in P. syringae pv. tomato DC3000 has led to 
identification of two transporters shown to be capable of in 
vitro uptake of osmoprotective compounds: i) the OpuC ABC 
transporter (PSPTO_4575 to 4578), implicated in the uptake of 
betaine and choline (Chen and Beattie 2007) and ii) the BCCT 
family transporter, BetT (PSPTO_5269), involved in choline 
transport (Chen and Beattie 2008). Interestingly, uptake of 
exogenous choline confers greater osmoprotection in DC3000 
than betaine, the typical substrate observed for other bacteria 
(Miller and Wood 1996). Conversion of choline to betaine is 
likely accomplished by gene products encoded by the betIBA 
locus (PSPTO_0440 to 0441, 0443), similar to those character-
ized in Escherichia coli (Lamark et al. 1991). 

Acquisition of nutrients is similarly essential for survival on 
the leaf surface, with uptake of limited iron accomplished by 
deployment of iron-chelating siderophores. The most defini-
tive evidence supporting the role of siderophores in epiphytic 
growth comes from studies showing a growth defect for 
siderophore-deficient P. syringae pv. syringae B728a in the 
presence of plant-derived iron-chelated compounds (Karamanoli 
and Lindow 2006). In planta expression of the siderophore py-
overdin has been recently confirmed in P. syringae pv. tomato 
DC3000 grown in iron-limiting conditions (Jones et al. 2007), 
and a fitness benefit was observed when expressed under iron-
limiting conditions (M. W. Wildermuth, personal communica-
tion). In contrast, the siderophore yersiniabactin, though clearly 
expressed, does not appear to contribute positively to fitness of 
B728a under iron-limiting conditions (Jones et al. 2007). 

The three P. syringae genome sequences also contain nu-
merous genes annotated as TonB-dependent receptors 
(TBDR). Though generally implicated in uptake of sideropho-
res, recent research in Xanthomonas campestris has revealed 
that TBDR-mediated uptake of carbohydrates is required for 
full virulence on Arabidopsis, suggesting that selected TBDR 
orthologs in P. syringae may also play determining roles in the 
uptake of critical, nonferric substrates (Blanvillain et al. 2007). 

T3SS effector proteins, helpers, and other members of the 
HrpL regulon. Following passage from the epiphytic surface 
through stomatal openings, bacteria must actively defeat plant 
defense responses in order to progress to the disease state. As 
agents deployed to suppress both basal and gene-for-gene re-
sistance following bacterial entry into the plant, Hop effector 
proteins represent a critically important class of virulence fac-
tors (Nomura et al. 2005). Characterized on the basis of their 
regulation by the HrpL alternate sigma factor and translocation 
by the T3SS, 46 families of Hop effectors and seven families 
of so-called “helper” proteins involved in facilitating transit of 
the effector proteins through the T3SS have been identified in 
the sequenced P. syringae strains (Chang et al. 2005; Ferreira 
et al. 2006; Fouts et al. 2002; Greenberg and Vinatzer 2003; 
Guttman et al. 2002; Petnicki-Ocwieja et al. 2002; Vencato et 
al. 2006) and have been reviewed previously (Lindeberg et al. 
2006). HrpL-dependent expression of selected non-hop genes 
has also been experimentally confirmed in P. syringae pv. to-
mato DC3000 and P. syringae pv. phaseolicola 1448A (Ferreira 
et al. 2006; Vencato et al. 2006). Ongoing studies have revealed 
a wide variety of in planta target sites and specific activities 
for individual effectors including AvrPto1 (Lin and Martin 
2007; Xing et al. 2007), AvrPtoB (Abramovitch and Martin 
2005; Rosebrock et al. 2007), AvrE1 (Badel et al. 2006), 
HopF2 (Robert-Seilaniantz et al. 2006), HopI1 (Jelenska et al. 
2007), HopU1 (Fu et al. 2007), HopM1 (Badel et al. 2006), 
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HopN1 (Lopez-Solanilla et al. 2004), HopQ1-1 (Robert-
Seilaniantz et al. 2006; Wei et al. 2007), and HopAO1 (Bretz 
et al. 2003; Espinosa et al. 2003). 

Recent investigations also shed light on the respective con-
tributions of T3SS helper proteins to the translocation process. 
Kvitko and associates (2007) report that HopAK1 and HopP1 
share essential harpin-like properties with the previously iden-
tified HrpZ and HrpW and that HrpW, HrpZ, and HopAK1 
play essential roles in translocation of effector proteins into the 
plant cell. These three proteins also appear to have an overlap-
ping function with the predicted translocator, HrpK (Kvitko et 
al. 2007; Petnicki-Ocwieja et al. 2005). The class of helper 
proteins with lytic transglycosylase activity, facilitating passage 
of the Type III pilus component through the bacterial peptido-
glycan layer, includes HrpH and HopAJ1 and the harpin-like 
HopP1. HrpH appears to be the primary specialized lytic trans-
glycosylase in P. syringae, with HopAJ1 and HopP1 having 
secondary, overlapping functions (Oh et al. 2007). 

Noneffector members of the HrpL regulon linked to a role in 
either fitness, virulence, or both include an ApbE ortholog 
(PSPTO_2105) implicated in the alternative pyrimidine bio-
synthetic pathway in Salmonella typhimurium (Beck and 
Downs 1998) and an alcohol dehydrogenase (PSPTO_0834). 
Both loci have been shown to impact bacterial growth in 
Arabidopsis (Vencato et al. 2006). Though separated from an 
upstream HrpL binding site by an intervening insertion se-
quence, a potential role for the DC3000 gene cluster 
PSPTO_0873 to 0875 is suggested by the finding that the 
orthologous hsv operon in Erwinia amylovora contributes to 
virulence on apple shoots (Oh et al. 2005). 

Toxins and other T3SS-independent virulence factors. P. sy-
ringae strains typically produce phytotoxins using nonribo-
somal peptide synthases and polyketide synthases, which con-
tribute significantly to virulence in the pathovars in which they 
occur (Bender et al. 1999; Donadio et al. 2007; Raaijmakers et 
al. 2006). Previously characterized toxins include lipodepsi-
peptidic toxins such as syringomycin and syringopeptin, in-
volved in both attachment and surfactant activity (Raaijmakers 
et al. 2006), and antimetabolite toxins such as phaseolotoxin 
and tabtoxin, which target specific metabolic pathways in the 
host. P. syringae pv. tomato DC3000 produces coronatine, an 
adduct of the polyketide coronafacic acid and an isoleucine de-
rivative, coronamic acid. In addition to roles in suppression of 
salicylic acid-mediated defense (Kloek et al. 2001) and activa-
tion of the jasmonic acid (JA)-signaling pathway through mim-
icry of JA (Zhao et al. 2003), recent research has revealed a 
critical role for coronatine in suppression of stomatal defense 
(Melotto et al. 2006; Underwood et al. 2007). 

Biosynthetic loci for two additional P. syringae toxins have 
recently been identified. The first of these, characterized in 
DC3000, consists of syfRABCD (PSPTO_2828 to 2832), which 
encodes gene products responsible for production of six related 
lipodepsipeptidic compounds termed “syringofactins” SyrA to 
SyrF (Berti et al. 2007). Though linear in structure, the syringo-
factins exhibit properties similar to previously characterized 
cyclic lipodepsipeptidic toxins and are required for both surfac-
tant activity and swarming motility (Berti et al. 2007). 

The second new toxin is the ornithine N-acetyltransferase 
inhibitor “mangotoxin,” identified in P. syringae pv. syringae 
UMAF0158A as a virulence factor in apical necrosis of mango 
(Arrebola et al. 2003). Gene clusters orthologous to the P. sy-
ringae pv. syringae UMAF0158A mangotoxin biosynthetic 
genes are found in other P. syringae genomes (e.g., 
PSPTO_5452 to 5458 in DC3000). A potentially widespread 
role in virulence is predicted by the observation that 
UMAF0158A impaired in mangotoxin production is reduced 
in virulence on tomato (Arrebola et al. 2007). 

Screening the P. syringae genomes for genes orthologous to 
virulence determinants in diverse bacterial pathogens has re-
vealed a growing list of candidate toxins and other gene prod-
ucts with surprising similarity to virulence determinants de-
ployed by bacterial pathogens of insects. For example, the two 
most significant virulence factors thus far characterized in 
Pseudomonas entomophila L48, a recently identified and se-
quenced pathogen of genus Drosophila, are a nonribosomal 
peptide synthase and the metalloprotease AprA. Encoded by 
PSEEN_0132, the nonribosomal peptide synthase and flanking 
loci are highly orthologous to none other than the biosynthetic 
cluster responsible for mangotoxin production (I. Vallet-Gely, 
personal communication). The metalloprotease AprA, abun-
dantly secreted and required for P. entomophila survival and 
pathogenicity in host Drosophila (Liehl et al. 2006), also has a 
closely related ortholog in P. syringae (PSPTO_3332) 
(Vodovar et al. 2006). 

Other genes present in the P. syringae genomes share simi-
larity with insect active toxins deployed by nematode symbionts 
Xenophabdus nematophila and Photorhabdus luminescens. 
The binary toxin xaxAB, encoded by X. nematophila, was ini-
tially reported to have a single orthologous locus in P. syringae 
pv. syringae B728a (Vigneux et al. 2007), but paralogous loci 
are actually present at two locations in all three P. syringae ge-
nomes (PSPTO_4570 to 4571 and PSPTO_5625 and 4287 in 
DC3000). Orthologs of toxin complex (Tc) genes, first charac-
terized in Photorhabdus luminescens and encoding high mo-
lecular weight proteins with insecticidal activity (Pinheiro and 
Ellar 2007; Waterfield et al. 2001), are also found at diverse lo-
cations in the P. syringae genomes, with the cluster corre-
sponding to P. syringae pv. tomato DC3000 loci PSPTO_4341 
to 4344 encoding representatives of each of the three major 
families of Tc proteins (TcdA, TcdB, TccC). 

Though experimental evidence is less definitive, chitinases, 
hemolysins, and lipases have also been implicated in bacterial 
pathogenesis of insects (Vodovar et al. 2006). Predicted mem-
bers of these gene families are found in one or more of the P. 
syringae genomes. 

Secretion pathways. All three P. syringae genomes possess a 
well-characterized T3SS, annotated orthologs of the Type II 
secretion components, and numerous Type I ABC transporters. 
Additional cryptic copies of the type II and III pathways are 
found in P. syringae pv. phaseolicola 1448A. A more recently 
identified P. syringae secretion pathway is the twin-arginine 
transport (Tat) pathway, experimentally characterized in P. sy-
ringae pv. tomato DC3000 (PSPTO_5155 to 5157) and involved 
in translocation of folded-proteins protein complexes across 
the cytoplasmic membrane prior to type II-dependent passage 
across the outer membrane (Maillard et al. 2007). Disruption 
of the Tat pathway in DC3000 results in a reduction in viru-
lence on Arabidopsis, with two lipases, PlcA1 (PSPTO_3648) 
and PlcA2 (PSPTO_B0005), shown to employ the pathway for 
extracellular localization (Bronstein et al. 2005). 

Genes encoding components of the newly described type VI 
secretion system (T6SS) are also present at two locations in P. 
syringae pv. tomato DC3000. Mutations in the T6SS signifi-
cantly reduce virulence in several bacterial pathogens, includ-
ing Vibrio cholerae, P. aeruginosa, and Burkholderia pseu-
domallei (Mougous et al. 2006; Pukatzki et al. 2006; Schell et 
al. 2007). Recent work suggests that elements of the secretion 
apparatus itself assemble into a structure that punctures cells in 
a manner analogous to phage tail spikes, but the substrates de-
livered through this structure are as yet uncharacterized 
(Pukatzki et al. 2007). 

Regulation of virulence-related genes. Recognition of envi-
ronmental variables and coordinated control of the gene prod-
ucts required for successful exploitation of and transition be-
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tween the epiphytic and apoplastic niches is accomplished by a 
complex network of regulatory controls, recently reviewed by 
Mole and associates (2007) for diverse phytopathogenic bacte-
ria. Among these controls are an array of alternate sigma fac-
tors and quorum-sensing signals, the latter being linked to 
regulation of traits associated with epiphytic fitness and viru-
lence in P. syringae pv. syringae B728a (Quinones et al. 2005). 
Research on factors controlling expression of the acyl homos-
erine lactone signal (AHL) integral to quorum sensing has led 
to identification of two new regulators, AefR and PsrA. The 
first of these upregulates AHL synthesis in P. syringae pv. to-
mato DC3000 and P. syringae pv. syringae B728a, while PsrA 
downregulates AHL synthesis through its effect on both AefR 
and RpoS (Chatterjee et al. 2007; Quinones et al. 2004). The 
recently characterized LadS activator and RetS repressor (Ventre 
et al. 2006), integral to switching P. aeruginosa from its free-
living motile state to multicell biofilm via control of small 
RNA transcription, have not been studied in P. syringae, but 
orthologs of retS and rsmA encoding a small RNA binding pro-
tein are present, suggesting that a related network may contrib-
ute to regulation of fitness and virulence determinants in P. sy-
ringae. 

As previously mentioned, the T3SS and substrates belong to 
a group of genes regulated by the alternative sigma factor 
HrpL, expression of which is, in turn, regulated by NtrC-like 
transcription activators HrpR and HrpS (Chatterjee et al. 
2002). Genes regulated by HrpL have been comprehensively 
characterized in P. syringae pv. tomato DC3000 (Fereirra et al. 
2006; Fouts et al. 2002) and P. syringae pv. phaseolicola 
1448A (Chang et al. 2005; Vencato et al. 2006) and those regu-
lated by HrpRS in DC3000 (Lan et al. 2006). HrpL binding 
sites have since been incorporated into the P. syringae genome 
annotations and represent a valuable addition to information 
stored in those records. 

In view of the expanding repertoire of gene products impli-
cated in bacterial-host interaction, the following questions 
arise. Which among these gene products are limited to specific 
lineages, indicative of a role in pathovar or strain-specific 
adaptations, and which are more widely distributed, suggesting 
involvement in more universal functions shared by multiple 
pathovars in diverse plant hosts? Are the widely distributed 
factors found in syntenically conserved regions consistent with 
ancient association with the lineage, or are they found in re-
gions exhibiting a high degree of genetic exchange, indicative 
of recent acquisition or rearrangement? For genes subject to 
high rates of duplication and horizontal transfer, is there evi-
dence of persistent linkages between virulence genes or with 
mobile genetic elements that could reveal functional associa-
tions or underlying mechanisms of transfer? 

Mapping core and variable genome regions (VR)  
in the P. syringae genomes. 

Bacterial genomes are composed of mosaics of relatively 
stable core regions interspersed with regions exhibiting either 
high levels of variation in content, alignment, or both relative 
to related genomes (Hacker and Kaper 2000; Welch et al. 
2002). Sometimes described as genomic islands or pathogenic-
ity islands (when components are implicated in virulence-
related functions), these regions are shaped by a range of proc-
esses including excision, recombination, duplication, and hori-
zontal transfer (Gal-Mor and Finlay 2006). In addition to alter-
ations in alignment or gene synteny relative to related genomes, 
VR are often characterized by deviations in the composition of 
the DNA sequence and typically are associated with features 
such as mobile genetic elements, tRNAs, and intergene repeti-
tive elements (REP sequences) (Karlin 2001; Lawrence and 
Ochman 1997; Paulsen et al. 2003; Tobes and Pareja 2005). 

Though VR are frequently identified on the basis of enrich-
ment for genes unique to a particular genome or group of 
closely related genomes, the approach described here focuses 
on gaps in the genome alignment (syntenic divergence) to 
maximize identification of unique genes in addition to those 
present in multiple genomes but acquired by horizontal trans-
fer or subject to intragenomic rearrangement. Sites of syntenic 
divergence were identified by generating pairwise comparisons 
of DC3000, 1448A, and B728a using BLASTN (Altschul et al. 
1990) and MSPcrunch (Sonnhammer and Durbin 1994) and by 
analysis of the resulting output with the Artemis Comparison 
Tool (Carver et al. 2005). 

Compositional deviation in the DNA sequence was also 
measured not only to evaluate the likelihood of horizontal ac-
quisition of syntenically disrupted regions but also to reveal 
regions of more ancient horizontal transfer in which syntenic 
disruption may not be present. Deviation in sequence composi-
tion is frequently quantitated using sequence properties such 
as variation in GC content and skews in the dinucleotide or tri-
nucleotide composition (Hsiao et al. 2005; Paulsen et al. 
2003); however, the fixed-order methods typically used do not 
maximally capture local composition. The Alien_hunter appli-
cation compensates by simultaneously assessing compositional 
deviation at multiple levels, using variable order compositional 
distribution, with a two-state second-order hidden Markov 
model applied to optimize boundary prediction (Vernikos and 
Parkhill 2006). Previously shown to identify novel pathogenicity 
islands in Salmonella enterica serovar Typhi CT18 (Vernikos 
and Parkhill 2006), Alien_hunter was used to analyze the ge-
nomes of the three fully sequenced P. syringae pathovars, 
using the default threshold for compositional deviation. 

Synthesizing data derived from the two approaches, VR 
were defined as those exhibiting either gaps in genome align-
ment ≥5 kb in at least one pairwise comparison or, in the ab-
sence of syntenic divergence, deviation in sequence composi-
tion predicted by Alien_hunter at corresponding locations in 
all three strains. Boundaries of syntenically divergent regions 
were established based on the locations of flanking regions 
exhibiting >5-kb alignment for all three genomes. For VR 
identified by both syntenic disruption and compositional de-
viation, the final region size was determined according to the 
larger of the two predictions. For the purpose of this analysis, 
the plasmids of P. syringae pv. tomato DC3000 and P. syringae 
pv. phaseolicola 1448A are each considered discrete VR. 

As previously described, the P. syringae genomes contain 
several major genome rearrangements relative to one another, 
with regions as large as 500 kb inverted and rearranged relative 
to the rest of the genome (Feil et al. 2005; Joardar et al. 
2005a). Given that boundaries for individual VR are defined 
relative to the DNA immediately flanking, placement in rela-
tion to the major rearrangements was not an issue for most of 
the VR identified. However, for those VR located at the boun-
daries of these rearrangements, region size was determined 
according to the distance between flanking blocks of aligned 
DNA, even when the respective flanks were not aligned rela-
tive to each other. 

Application of these guidelines resulted in the prediction of 
107, 87, and 78 VR for P. syringae pv. tomato DC3000, P. sy-
ringae pv. phaseolicola 1448A, and P. syringae pv. syringae 
B728a constituting 36, 25, and 29% of the total genome size, 
respectively (Table 1). These percentages are higher than the 
levels of variability determined from pairwise BLASTP analy-
sis of individual open reading frames (ORF) (Feil et al. 2005; 
Joardar et al. 2005b), consistent with the fact that VR defined 
here encompass both unique regions and conserved genes 
either lacking syntenic conservation or conserved and acquired 
during ancient horizontal transfer. Of the 121 VR identified 
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among the three genomes, 109 were identified on the basis of 
both compositional deviation and syntenic disruption, 11 by 
Alien _hunter alone and eight by syntenic disruption alone. 
The high level of correspondence between locations of compo-
sitional deviation and gaps in genome alignment supports the 
utility of Alien_hunter and related statistical methods as tools 
for automated identification of putative VR. 

As shown in Table 1, VR can be classified on the basis of 
their representation in the three genomes, where “unique” cor-
responds to regions found only in a single genome, “conserved” 
corresponds to those conserved in content but exhibiting devia-
tion in sequence composition as determined by Alien_hunter, 
and “hotspot” refers to regions exhibiting either divergent con-
tent or compositional deviation or both in all three genomes. 
“Partial” indicates that a given region exhibits syntenic diver-
gence or compositional deviation or both in two of the three 
genomes, and “boundary” refers to regions for which synteny 
cannot be established owing to its location at a site of genome 
rearrangement. Consistent with its overall larger genome size, 
DC3000 has both the largest number of VR and the highest 
percentage of its genome exhibiting variable content, reflected 
chiefly in a greater number of unique insertions and larger in-
sertion sizes at conserved “hotspots” (Table 1). In contrast, 
1448A has only one unique insertion (VR 32) and B728a none, 
though B728a contains two sizable insertions in boundary re-
gions (VR 68 and 90), accounting for most of its variable ge-
nome in this category. The three genomes share eleven con-
served regions. 

It has been previously demonstrated that REP sequences 
preferentially segregate with the syntenically conserved core 
genome (Paulsen et al. 2005) and represent hotspots for ge-
nomic rearrangement (Tobes and Pareja 2006). To evaluate 
placement of REP sequences relative to core and VR, a hidden 
Markov model based on sequences described by Tobes and 
Pareja (2005) was constructed and used to search for REP se-
quences in the P. syringae pv. tomato DC3000 chromosome 
(Tobes and Pareja 2005). Of the 368 predicted REP sequences, 
89% segregated with the predicted core regions, providing ad-
ditional support for the core genome predictions in DC3000. 
Locations of REP sequences have been recently added to the 
DC3000 genome annotation at NCBI. 

It should be noted that variables contributing to composi-
tional variation have a tendency to ameliorate over time, such 
that more ancient horizontal transfer events are detected with 
less sensitivity (Lawrence and Ochman 1997). Regions of com-
positional deviation identified by Alien_hunter may also reflect 
sequence biases associated with function such as the high inci-

dence of GC-rich hydrophobic amino-acid codons associated 
with membrane proteins. Furthermore, it should neither be 
assumed that the predicted flexible regions have arisen from 
single insertions nor that the boundaries given necessarily cor-
respond to the locations of discrete insertion events. As is evi-
dent upon examination of the larger flexible regions, many of 
these regions are the result of multiple overlapping insertions, 
disruptions, and duplications. Systematic identification of re-
gions transferred during independent events has proven ex-
tremely difficult. 

Locations of virulence and host-association genes relative 
to the core and flexible genome. 

A map of gene locations and corresponding locus tags rela-
tive to the numbered VR is shown in Table 2. P. syringae pv. 
tomato DC3000 “hop islands,” described in previous deletion 
analyses, are also indicated (Wei et al. 2007). As a general ob-
servation, regulatory factors preferentially segregate with the 
core genome, including the recently described two-component 
regulatory system clusters, orphaned components, and hybrids, 
of which 82 of 107 are found in the core regions, and an addi-
tional 14 syntenically conserved within VR (Lavin et al. 2007). 
In contrast, members of the HrpL regulon segregate almost 
exclusively with VR. Most other classes of virulence and host-
association factors are distributed more evenly between the 
core and variable genomes. Analysis of gene location relative 
to the core and VR is described for various classes of virulence 
factors in the following sections, together with insights on the 
relative timing of gene acquisition and potentially significant 
linkages among loci. 

The HrpL regulon is localized to VR with evidence for como-
bilization by some members. Members of the HrpL regulon 
represent the class of virulence genes most strongly segregat-
ing with the VR, although, when shared by different strains, 
their locations are generally syntenic. This phenomenon is ob-
served for the hrp/hrc cluster encoding the T3SS, previously 
shown to be of ancient association with the P. syringae lineage 
(Alfano et al. 2000) and identified here as variable on the basis 
of compositional deviation (VR 36 and 37). The conserved 
effector locus (avrE, hopM1, and hopAA1) is also of ancient 
association but was not identified by Alien_hunter, possibly 
owing to a greater degree of sequence amelioration. 

Of the remaining hop genes present in all three strains, 
hopAF1, I1, AH2, and AN1 are found in small regions of 
syntenic conservation within otherwise VR hotspots. Likewise, 
hopAS1, AE1, AB1, AJ1, AT1, AG1, AH2, and AI1, shared by 
two of the three strains, are found at corresponding locations 

Table 1. Number and size of variable regions identified by analysis of compositional deviation and syntenic disruption of Pseudomonas syringae pv. tomato
DC3000, P. syringae pv. phaseolicola 1448A, and P. syringae pv. syringae B728a genomes y 

 P. syringae pv. tomato DC3000 P. syringae pv. phaseolicola 1448A P. syringae pv. syringae B728a 

Variable region type Number Size (kb) Number Size (kb) Number Size (kb) 

Total (including plasmids) 105(107) 2,199 (2340) 85(87) 1,562 (1,746) 78 1,751 
Unique (including plasmids) 19(21) 271 (412) 1(3) 17 (201) 0 0 
Conservedz 11 93 11 93 11 95 
Hotspot 45 1,237 45 763 45 864 
Partial 18 173 19 297 10 128 
Boundary 12 425 10 392 12 664 
y Unique regions are those with an insertion present in one genome but no compositional deviation and gaps in syntenic alignment or insertion of mobile 

DNA at the corresponding location in the other two genomes. Conserved regions are identified by Alien_hunter as having compositional deviation in all three
genomes but without gaps in the syntenic alignment. Hotspot regions are those with gaps in syntenic alignment, compositional deviation, or mobile DNA, 
singly or in combination, at corresponding locations in all three genomes. The partial designation reflects regions with gaps in syntenic alignment, composi-
tional deviation, or mobile DNA, singly or in combination, at corresponding locations in two of the three genomes. The boundary designation indicates 
regions located at the boundaries of the major genome rearrangements in which genomic material does not align with either flank, but relative synteny cannot be 
established in one or more pairwise alignments owing to the rearrangement. 

z The 2-kb difference in region size observed for the conserved regions in P. syringae pv. syringae B728a relative to P. syringae pv. tomato DC3000 and
P. syringae pv. phaseolicola 1448A reflects a discrepancy in the predictions made by Alien_hunter. 
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Table 2. Locations of virulence and other host-association factors relative to the variable genome regions (VR), listed in the order they occur in the 
Pseudomonas syringae pv. tomato DC3000 genome, and identified by analysis of compositional deviation and sequence alignment of the P. syringae pv.
tomato DC3000, P. syringae pv. phaseolicola 1448A, and P. syringae pv. syringae B728a genomes 

 P. syringae pv. syringae B728ax P. syringae pv. tomato DC3000 P. syringae pv. phaseolicola 1448A hop 
VRy Gene Locus Gene Locus Gene Locus islandsz 

1     hopK1 0044      
      hopY1 0061      
3-B         hopR1 0171  
          Hypothet. 5226  
 algZ, R, R3, Q 0054, 0056, 0063 

to 0064 
algZ, R, R3, Q 0126 to 0127, 0134, 

0136 
algR3, Q, Z, R 0059, 0061, 

0069 to 0070 
 

10     MATE efflux 0370      
      Indole 3-acetic 

acid ligase 
0371      

11 Chitinase 4777 Chitinase 0400 Chitinase 4807  
  Betaine biosynth. 4732 to 4734 Betaine biosynth. 0440 to 0441, 0443 Betaine biosynth. 4766 to 4768  
13     hopAS1' 0474 hopAS1 4736  
14     hopU1 0501      
      hopF2, shcF 0502 to 0503      
15-B hopAB1 4659          
  NRPS 4662          
16-B         NRPS 4696  
18     hopH1 0588      
      hopC1 0589      
19 katA catalase 4522     katA catalase 4565  
  Xylanase 4508     Xylanase 4536  
          NRPS 4546 to 4547, 

4750 
 

          FHA 4560  
20         TBDR 4499  
22     TBDR 0784      
23 Type IV pili 

biogen. 
0714 to 0720 Type IV pili 

biogen. 
0810 to 0816 Type IV pili biogen. 0725 to 0731  

24 rulAB 0735 to 0736 Oxidoreductase, 
ribD, hydrolase  

0834 to 0836 Type IV pilin 0759 to 0760  

  avrRpm1 0738          
      Hypothet. 0851 Hypothet. 0762  
      hopAJ1 0852 hopAJ1 0763   
      hopAT1' 5618 hopAT1' 05225  
  Levansucrase 0754 Transposon (deg.) 5617 hopG1 0767  
      hsv-like operon 0873 to 0875 Fimbrial proteins 0773 to 0774  
      hopD1 0876      
      hopQ1-1 0877     IV 
      hopR1 0883      
         Hemagglutinin 0781  
         avrB4-2 0784  
  hopAG1' 0778 hopAG1' 0901      
  hopAH1 0779 hopAH1 0905     V 
  hopAI1 0785 hopAI1 0906      
25         Hemolysin 0815  
  pilBCD, pre-pilin 0796 to 0799 pilBCD, pre-pilin 0924 to 0927 pilBCD, pre-pilin 0818 to 0821  
26 Pectate lyase 0852     Pectate lyase 0883  
27     hopAM1-1 1022      
      wss operon 1026 to 1034      
30     TBDR 1206      
  TBDR 1038 TBDR 1207 TBDR 1091  
31 Tc toxin-TccC 1051 Tc toxin-TccC', 

TccC 
1225, 1231      

  Alginate biosynth. 1052 to 1063 Alginate biosynth. 1232 to 1243 Alginate biosynth. 1107 to 1118  
35     hopN1 1370      
     Continued on following page
x Names and locus tags of HrpL-regulated genes are indicated in bold type. biogen. = biogenesis, biosynth. = biosynthesis, deg. = degenerate, EPS =  exo-

polysaccharides, FHA = filamentous hemagglutinin, hypothet. = hypothetical, NRPS = nonribosomal peptide synthase, polysacch. = polysaccharide, put. = 
putative, TBDR = TonB-dependent receptor, resist. = resistance, T2SS and T3SS, respectively = type II and III secretion systems. 

y Variable genome regions are listed in the order in which they occur relative to the P. syringae pv. tomato DC3000 genome. Due to inversions and genome rear-
rangements, relative ordering of variable regions in P. syringae pv. phaseolicola 1448A and P. syringae pv. syringae B728a should not be inferred from the
numbers assigned. Individual cells are colored as follows: gold, syntenically conserved host-association factors within the variable genome regions; white, non-
syntenically conserved host-association factors within the variable genome regions; light gray, regions of divergent content within variable genome regions;
blue, selected examples of syntenically conserved host-association factors in core genome regions; black, no corresponding variable region is present in the ge-
nome, due either to the absence of noncore material or because location at a genome rearrangement boundary prevents evaluation of syntenic correspondence. 
Locations of regions with similarity to integrative and conjugative elements (ICElands) are outlined in red. Variable regions located at the boundaries of the
major genome rearrangements in one or more pairwise comparisons are indicated with a “B”. Placement of the “B” variable regions in P. syringae pv. phaseoli-
cola 1448A and P. syringae pv. syringae B728a relative to the P. syringae pv. tomato DC3000 genome should not be inferred from the numbers assigned. 

z Locations of “hop islands” in P. syringae pv. tomato DC3000 (Wei et al. 2007), are indicated by dashed lines and are labeled with Roman numerals. 
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Table 2. Continued from preceding page 

 P. syringae pv. syringae B728ay P. syringae pv. tomato DC3000 P. syringae pv. phaseolicola 1448A hop 
VRx Gene Locus Gene Locus Gene Locus islandsz 
        
  hopAA1-1 1183 hopAA1-1 1372 hopAA1-1 1263  
  hrpW 1184 hrpW 1373 hrpW 1264 VI 
 shcM, hopM1 1185 to 1186 shcM, hopM1 1374 to 1375 shcM, hopM1 1265 to 1266  
  shcE, avrE1 1187 to 1188 shcE, avrE1 1376 to 1377 shcE, avrE1 1267 to 1268  
36 hrpH 1189 hrpH 1378 hrpH 1269  
  hrpRS, hrpA-E, 

hrpF-V 
 
1190 to 1202 

hrpRS, hrpA-E, 
hrpF-V 

 
1379 to 1391 

hrpRS, hrpA-E, 
hrpF-V 

 
1270 to 1281 

 

37 hrpJ-hrcU operon 1205 to 1216 hrpJ-hrcU operon 1392 to 1403 hrpJ-hrcU operon 1282 to 1293  
  hrpL, hrpK 1217 to 1218 hrpL, hrpK 1404 to 1405 hrpL, hrpK 1294 to 1295  
  avrB3 1219          
  hopX1 1220    hopX1 1296  
  hopZ3 1224 hopB1 1406      
  Chaperone (put.) 1225 3 hypothet. genes 5622, 1408 to 1409      
38     Levansucrase 1453      
40 hopAF1 3813 hopAF1 1568 hopAF1 1443  
  MarR regulator 3737 MarR regulator 1645 MarR regulator 1519  
42 NRPS 3722          
44     TBDR 1855 hopF3 3498  
48 rulAB 1884 to 1885         
  Hemolysin (put.) 1886         
  hopH1 1889         
  hopAP1 1890          
  apbE family 1900 apbE family 2105 apbE family 1855  
49         TBDR 1870  
  Pyoverdin 1945 to 1962 Pyoverdin 2134 to 2153 Pyoverdin 1910 to 1929  
59         TBDR 2849  
60     T6SS 2539, 2546, 2549, 

2553 to 2554 
     

62     Yersiniabactin 2595 to 2602 Yersiniabactin 2897 to 2904  
      TBDR 2605, 2607 TBDR 2892, 2894  
64         T3SS 2519 to 2521, 

2524,  
2527 to 2530, 
2534 to 2538 

 

  Tc toxin-TccC 2412 hopP1 2678 Tc toxin-TccC 2571  
66 Phaseolotoxin (deg.) 2549 to 2555     Phaseolotoxin (deg.) 2705 to 2711  
  Syringofactins 2576 to 2577 Syringofactins 2829 to 2830 NRPS (deg.) 2729  
67-B         TBDR 2749  
          Achromobactin 2751 to 2760  
68-B TBDR 2582 TBDR 2846      
  Achromobactin 2584 to 2593 TBDR 2853      
  Syringomycin/ 

syringopeptin  
2608 to 2616         

  Streptomycin resist. 2669 to 2670          
70 rulAB 2761 to 2762          
          shcV-hopV1 2351 to 2352  
72     hopAB2 3087 hopAB3' 2294  
74         pel (deg.) 2184  
          T2SS 2173 to 2183  
75     FHA 3210      
      FHA (deg.) 3214      
  Hemolysin 3089 FHA (intein)  3229      
  aprA-like 3163 aprA-like 3332 aprA-like (deg.) 3076  
76        avrB4-1 3028  
  hopAH2 3123 hopAH2-1 3292 hopAH2 3036  
      hopAH2-2 3293      
  T2SS 3141 to 3151 T2SS 3307 to 3317 T2SS 3054 to 3064  
  Capsular polysacch. 3301 to 3308, 

3231 to 3232 
Capsular polysacch. 3222 to 3227,  

3449 to 3450 
Capsular polysacch. 3529 to 3534, 

3150 to 3151 
 

  psl EPS 3301 to 3311 psl EPS 3529 to 3539 psl EPS 3222 to 3232  
80 plcA1 lipase 1823 plcA1 lipase 3648 plcA1 lipase 1783  
81 NRPS 1790 to 1796     NRPS 1749, 1750, 

1751 
 

85 Syringolin biosynth. 1701 to 1706          
90-B      pgl 3960 pgl (deg.) 1530  
  RulAB 1424 to 1425    Shikimate kinase 1525  
  Cu resist. 1493 to 1498         
  Type IV pilus 

biogen. 
1509 to 1518         

91-B         NRPS 3750  
          Oxidoreductase, ribD, 

hydrolase 
3757 to 3759  

     Continued on following page
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Table 2. Continued from preceding page 

 P. syringae pv. syringae B728ay P. syringae pv. tomato DC3000 P. syringae pv. phaseolicola 1448A hop 

VRx Gene Locus Gene Locus Gene Locus islandsz 

93     avrPto1 4001      
  hopAK1 3839 hopAK1 4101 hopAK1 1424  
100 pnlA 3985 pnlA 4283 pnlA 3992  
  Binary cyotoxin 3989 to 3990 Binary cytotoxin 5625, 4287 Binary cytotoxin 3996 to 3997  
101     hopE1 4331      
102 Tc toxin cluster 4032 to 4038 Tc toxin cluster 4341 to 4344 Tc toxin cluster (deg.) 4042 to 4045  
104 Tc toxin-TcdA1 4205 NRPS 4518 to 4519      
105 Binary cytotoxin 4244 to 4245 Binary cytotoxin 4570 to 4571 Binary cytotoxin 4269, 4271  
  opuC transport 4249 to 4252 opuC transport 4575 to 4578 opuC transport 4276 to 4279  
106     hopS2, shcS2 4588 to 4589      
      hopT2 4590      
      hopO1-3' 4592     VIII 
      hopT1-2 4593      
      hopO1-2 4594      
      hopS1', shcS1 4597, 4599      
          argK-phaseolotoxin 4301 to 4319  
  hopAE1 4269     hopAE1 4326  
107     cfa 4680 to 4690      
      hopAD1 4691      
      NRPS 4699      
      hopAQ1 4703      
      cma 4704 to 4714      
      hopAA1-2 4718      
      hopV1, shcV 4720 to 4721      
      hopAO1 4722      
      hopD' 4724     IX 
      hopG1 4727      
      hopH' 5623      
      hopQ1-2 4732      
      hypothet. 4733      
  hopI1 4326 hopI1 4776 hopI1 4366  
  pilGHIJ 488 to 491 pilGHIJ 5031 to 5034 pilGHIJ 0479 to 0482  
  hopAN1 0465 hopAN1 5061 hopAN1 0456  
  Hemolysin III 0452 Hemolysin III 5077 Hemolysin III 0443  
  pilMNOPQ 0407 to 0411 pilMNOPQ 5128 to 5132 pilMNOPQ 0390 to 0394  
111 Tat pathway 0382 to 0384 Tat pathway 5155 to 5157 Tat pathway 0365 to 0376  
115     shcA, hopA1 5353 to 5354      
116 avrPto1 4919          
117         Glycosyl hydrolase 4991  
         Levansucrase 4994  
118     T6SS 5418, 5419, 5424, 

5427, 5435 
     

  Mangotoxin biosyn. 5005 to 5011 Mangotoxin biosyn. 5452 to 5458 Mangotoxin biosynth. 5084 to 5090  
120 Catalase katN 5095     Catalase katN 5178  
pDC3000A     hopAM1-2 A0005      
      hopX1 A0012      
      hopO1-1 A0018     X 
      hopT1-1 A0019      
      Levansucrase A0032      
pDC3000B     plcA2 lipase B0005      
P1448A-A         pgl A0006  
          hopW1-1 A0009  
          hopD1 A0010  
          Hypothet. A0011  
          hopQ1 A0012  
          pgl A0022  
          Levansucrase A0027  
          hopAU1 A0031  
          hopAV1 A0056  
          saf fimbriae A0062 to 0065  
          hopW1-2 A0075  
          avrRps4 A0087  
          avrD1 A0113  
          avrB2 A0120  
          hopAW1 A0122  
          hopAB1 A0127  
          Shikimate kinase A0133  
          Hypothet. A0134  
p1448A-B         rulAB B0003 to 0004  
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in the genomes in which they occur. Though the syntenic con-
servation of their flanking regions argues strongly for ancient 
association with the P. syringae lineage, several of these hop 
genes appear to have undergone more recent rearrangement. 
The hopAG1-AH1-AI1 cluster in VR 24Pto DC3000 is disrupted by 
an ISPssy insertion in hopAG1, hopAF1Pto DC3000 in VR 40 is 
inverted relative to its orthologs in P. syringae pv. phaseolicola 
1448A and P. syringae pv. syringae B728a, and a duplication 
event appears to have occurred in P. syringae pv. tomato 
DC3000 resulting in the presence of a hopAH2 paralog imme-
diately upstream of the syntenically conserved hopAH2-2Pto 

DC3000 in VR 76. The more ancient associations of avrE, hopI1, 
AA1, AJ1, and AK1 implied by gene synteny are consistent 
with the results of Rohmer and associates (2004) based on 
analysis of codon usage and GC content (Rohmer et al. 2004). 

Among hop genes shared by two or more strains but lacking 
syntenic conservation are hopX1, found in the exchangeable 
effector locus (VR 37) of P. syringae pv. phaseolicola 1448A 
and P. syringae pv. syringae B728a, and on P. syringae pv. to-
mato DC3000 plasmid pDC3000A. Members of the hopAB 
family are also found in nonsyntenic locations, with hopAB1Pph 

1448A present on 1448A plasmid p1448A-A, hopAB1Psy B728a in 
VR 15, and the more closely related hopAB2Pto DC3000 and 
AB3Pph 1448A in VR 72. HopR1, G1, H1, V1, D1, and Q1 are 
limited to two of the three genomes, with orthologs, excepting 
hopV1Pph 1448A, present in diverse VR (Table 2). Nonsyntenic 
distribution patterns are consistent with either independent 
acquisition by one or more strains or ancient acquisition fol-
lowed by more recent intragenomic rearrangement. 

While linkages observed for genes in the avrE-hopM1-
hopAA1, hopAJ-hopAT, and hopAG-AH-AI clusters are most 
likely due to vertical inheritance of ancient acquisitions, link-
age patterns can also be observed for selected clusters of non-
sytenically conserved hops and members of the Hrp-regulon, 
consistent with comobilization during either horizontal trans-
fer or intragenomic duplication. Examples include the HrpL-
regulated operon PSPTO_0835 to 0837, which, together with 
575 bp of conserved upstream DNA containing the HrpL pro-
moter, is found at VR 24Pto DC3000 and 91Pph 1448A, and members 
of the hopO and hopT families, found duplicated in VR 106Pto 

DC3000 and on pDC3000A. 
Comobilization also appears likely for hopD1 and hopQ1-1, 

located in VR 24Pto DC3000 and on p1448A-A and conserved 
together with 340 and 90 bp of flanking DNA containing their 
HrpL promoters. The relatively close proximity of hopD and 
hopQ orthologs in VR 107Pto DC3000 raises the possibility that 
the two genes were comobilized to that region as well, with 
subsequent insertions of hopG1, hopH1, and two insertion se-
quences leading to the 6.4 kb presently separating the two 
genes. Interestingly, BLASTP analysis of hopD1 ortholog se-
quences deposited in GenBank reveals the presence of flank-
ing sequences similar to hopQ1 in both P. syringae phaseoli-
cola 1302A (AJ277494) and Pantoea agglomerans pv. gyp-
sophila (AF462346). The persistence of this linkage in diverse 
genera suggests that the biological roles and possible func-
tional association of these two proteins may be influencing a 
broad range of plant-bacterial interactions. Though deletion of 
hopQ1-1 has been shown to expand host range for P. syringae 
pv. tomato DC3000 (Wei et al. 2007), neither the role of 
HopD1 nor the possibility of a HopD1-HopQ1 functional 
interaction has been explored. 

In contrast to the members of the HrpL regulon, which 
strongly segregate with VR and are not generally represented 
across all three genomes (T3SS structural genes excepted), 
genes exhibiting reduced activity in the absence of transcrip-
tion activators HrpRS, independent of HrpL-dependent activa-
tion, generally segregate with the conserved core of the P. sy-

ringae genomes. Of the 60 genes thus identified (Lan et al. 
2006), only 24 are present in VR, and all but 16 are synteni-
cally conserved among the three genomes. 

Toxins exhibit divergent distribution patterns depending on 
association with plant and insect pathogenesis. The most strik-
ing feature of toxin gene distribution is the divergent distribu-
tion patterns observed between those known only from plant 
pathogens and those with insect-active orthologs. Confirmed 
phytotoxins coronatine (VR 107Pto DC3000), syringomycin (VR 
107Psy B728a), and phaseolotoxin (VR 106Pph 1448A) are strain-spe-
cific in their localization, and the degenerate phaseolotoxin 
cluster is shared by only two of the three strains (VR 66). 

In contrast, toxin genes shared with insect pathogens—the 
two xaxAB loci (Vigneux et al. 2007), the mangotoxin cluster 
(Arrebola et al. 2007), and the toxin complex c cluster 
(Waterfield et al. 2001)—even when associated with VR, are 
syntenically conserved across all three genomes, suggestive of 
ancient association with the P. syringae lineage. A similar pat-
tern is observed for the AprA metalloprotease and chitinase. 
Future investigation of this growing body of insect-associated 
virulence factors may reveal new perspectives on P. syringae 
niche adaptation. Does their presence indicate a long-standing 
and potentially ongoing ability to occupy an insect-associated 
niche as was recently demonstrated for the soft-rot phytopa-
thogen Dickeya dadantii (Grenier et al. 2006)? Or do these 
virulence factors, like mangotoxin, have a broad spectrum of 
activity that P. syringae employs primarily in its interaction 
with plants? 

Siderophores, adhesins, secretion pathways, and other viru-
lence factors—segregation between core and variable genome 
points to possible sources of strain-specific interaction with 
host plants. The complex locus encoding genes for the biosyn-
thesis and transport of the siderophore pyoverdine is synteni-
cally conserved in the core P. syringae genome, consistent 
with its widespread presence in diverse pseudomonads. In con-
trast, achromobactin (P. syringae pv. phaseolicola 1448A and 
P. syringae pv. syringae B728a) and yersiniabactin (P. syrin-
gae pv. tomato DC3000 and P. syringae pv. phaseolicola 
1448) loci are variable in their distribution, though the com-
plexity of the regions in which they occur and their location 
near boundaries of genome rearrangements makes definitive 
judgment of syntenic conservation difficult. Genes encoding 
predicted TBDR (Blanvillain et al. 2007) are found closely 
linked to biosynthetic clusters for the three siderophore types. 
There appear to be over 15 TBDR syntenically conserved 
among the three genomes, with five and four additional unique 
TBDR present in VR of the DC3000 and 1448A genomes, re-
spectively. Roles for the strain-specific TBDR have not been 
explored, but they could impact fitness at various stages of the 
bacterial-plant interaction through uptake of siderophores and 
other substrates. 

In addition to those with characterized roles in toxin and 
siderophore production, seven other predicted nonribosomal 
peptide synthases are found in the P. syringae genomes. All are 
found in VR, with five conserved in neither location nor se-
quence, suggestive of possible strain-specific roles. 

Comparison of factors with confirmed and potential involve-
ment in adhesion also reveals significant differences among 
the three strains. All three contain syntenically conserved clus-
ters encoding genes for biogenesis of alginate, Psl exopolysac-
charides, type IV pili and, though apparently degenerate in P. 
syringae pv. phaseolicola 1448A, syringofactins. However, P. 
syringae pv. tomato DC3000 and 1448A encode additional 
complements of adhesin-related genes, segregating with the 
VR. In DC3000, these include the wss cellulose biosynthesis 
cluster (VR 27) and genes encoding two nondegenerate fila-
mentous hemagglutinins (FHA) (VR 75), and, in 1448A, a 
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plasmid-borne cluster of genes associated with biogenesis of 
saf atypical fimbriae and genes encoding a hemagglutinin (VR 
24) and FHA (VR 19) distantly orthologous to those found in 
DC3000. The divergent repertoires of predicted adhesins may 
play determining roles in the relative attachment capacity ob-
served for the three strains. 

Among the more recently identified secretion pathways, the 
Tat pathway cluster, like the T3SS, is located in a region ex-
hibiting compositional deviation but conserved in all three 
genomes (VR 111), as is the chromosomally borne gene for its 
substrate PlcA1 lipase. In contrast, the two T6SS (Mougous et 
al. 2006; Pukatzki et al. 2006) clusters are limited to DC3000 
and are found in VR 60 and 118, suggesting a strain-specific 
role if shown to be functional. 

While the majority of genes implicated in osmotic and oxi-
dative stress tolerance are syntenically conserved, some differ-
ences are evident. P. syringae pv. phaseolicola 1448A and P. 
syringae pv. syringae B728a share two catalases (in VR 19 and 
120) not found in P. syringae pv. tomato DC3000, and B728a 
encodes four orthologs of the rulAB DNA polymerase involved 
in repair of UV damage (VR 24, 48, 70, 90) not present in 
either DC3000 or 1448A. The additional copies of the rulAB 
locus have been previously implicated in the relative fitness of 
B728a on the epiphytic surface (Feil et al. 2005). 

The collective distribution patterns for virulence and host-
association genes support a model in which a commonly held 
foundation of syntenically conserved genes predisposes diverse 
strains for exploitation of the plant niche, with additional strain-
specific repertoires, localized to the VR, shaping distinctive 
aspects of each strain’s interaction with its plant hosts. That 
said, experimental confirmation of expression and functions 
are critical to the ultimate role assignments for individual gene 
products. As illustrated by the recent work with yersiniabactin, 
functional characterization can prove surprisingly difficult, 
even when bioinformatics has provided compelling hypotheses 
(Jones et al. 2007). 

The composition of VR is shaped  
by diverse mobile genetic elements. 

Content of VR is typically shaped by the combined effects 
of rearrangement, disruption, deletion, and horizontal transfer 
(Gal-Mor and Finlay 2006; Hacker and Kaper 2000). Exami-
nation of the syntenically divergent VR reveals enrichment for 
mobile genetic elements, with 82% of the chromosomally-
borne DC3000 mobile genetic elements located in VR. Among 
these are integrative and conjugative elements, prophages, 
phage integrases, and insertion elements (IS), analysis of 
which provides clues to the mechanisms underlying the com-
position of specific VR. 

For example, the content of VR 24, 90Psy B728a, and 91Pph 1448A 
appears to have been largely shaped by integrative and conju-
gative elements (ICElands) (Burrus et al. 2002). PPHGI-1, the 
first ICEland characterized in P. syringae, was shown by 
Jackson and associates (2000) to excise from the genome of P. 
syringae pv. phaseolicola 1302A, resulting in deletion of the 
effector gene hopAR1 and expansion of the 1302A host range 
(Jackson et al. 2000; Pitman et al. 2005). Sequences ortholo-
gous to PPHGI-1 were also reported for P. syringae pv. tomato 
DC3000 and P. syringae pv. syringae B728a genomes (Pitman 
et al. 2005). As shown in Figure 1A, close comparison of 
PPHGI-1 with the sequenced P. syringae genomes reveals ele-
ments of the conserved ICEland framework in VR 24 for all 
three genomes, interspersed with variable content that includes 
numerous virulence-associated genes. VR 24Pto DC3000 contains 
the most extended regions of similarity to previously charac-
terized ICElands, interspersed with hopD1, Q1-1, AJ1, AT1, 
R1 genes, and the HrpL-regulated operon PSPTO_0834 to 

0837. VR 24Pph 1448A carries the hopAJ1, hopAT1, hopG1, 
avrB4-2 genes as well as genes for two type IV pilins, two 
fimbrial proteins, and a hemagglutinin. Though the only con-
served element of the ICEland framework in VR 24Psy B728a is a 
phage integrase syntenically conserved with those in the other 
genomes, it is closely linked to avrRpm1 and one of the extra 
copies of rulAB previously described for B728a (Feil et al. 
2005) (Fig. 1A). 

VR 90Psy B728a also includes regions of extended similarity 
with PPHGI-1 interspersed with genes predicted to confer cop-
per resistance, a gene cluster for type IV pili biogenesis, and 
yet another of the extra rulAB loci. A phage integrase ortholo-
gous to that at the ICEland flank is present in VR 91Pph 1448A 
and is associated with HrpL-regulated operon PSPTO_ 3759 to 
3756, though no other conserved ICEland elements are present. 
The insertions at VR 24, 90, and 91 are associated with tRNAs, 
frequently cited as hotspots for insertion of phage integrases. 

Distribution of ICEland sequences among diverse genomes 
was further explored by BLASTP comparison of DC3000 cod-
ing sequences against the predicted gene products of 58 other 
bacterial genomes, including 12 sequenced pseudomonads, 
representatives of all sequenced genera in the γ and β-proteo-
bacteria, and including completed sequences of the “canoni-
cal” phytopathogens Pectobacterium atrosepticum, Xyllela fas-
tidiosa, Xanthomonas campestris pv. vesicatoria, Xanthomonas 
campestris pv. campestris ATCC 33913, Xanthomonas axono-
podis pv. citri, Xanthomonas oryzae pv. oryzae, Burkholderia 
cenocepacia HI2424, and Ralstonia solanacearum. As shown 
in Figure 1B, BLASTP analysis reveals extended similarity 
with ICEland-associated genes, not only in P. syringae pv. sy-
ringae B728a but also in P. aeruginosa PA14, Ralstonia metal-
lidurans CH34, Burkholderia xenovorans LB400, Salmonella 
enterica subsp. enterica serovar Paratyphi A ATCC 9150, 
Photorhabdus luminescens subsp. laumondii TTO1, and phy-
topathogens Xanthomonas campestris pv. vesicatoria 85-10, 
and P. atrosepticum SCRI1043. Interestingly, the well-con-
served ICEland found in P. atrosepticum encodes genes ortholo-
gous to the cfa operon required for coronafacic acid biosynthesis 
in P. syringae pv. tomato DC3000 (Fig. 1A). The ICEland re-
gion identified in Xanthomonas campestris pv. vesicatoria 85-
10 spans loci XCV2360-2414, with variable content corre-
sponding to loci XCV2382 to XCV2385 and XCV2402 to 
XCV2406. None of the genes in this region have been impli-
cated in virulence or host association. 

Though several prophage clusters are found among the three 
P. syringae genomes, avrPto1 appears to be the only prophage-
associated virulence gene. AvrPto1Pto DC3000 is located immedi-
ately downstream of a nearly complete prophage cluster (VR 
93), avrPto1Psy B728 is linked to orthologous prophage compo-
nents at a nonsyntenic location (VR 116), and comparison of 
avrPto1Pto DC3000 with the GenBank deposition for avrPto1Pto 

JL1065 reveals that orthologous phage genes are also present im-
mediately adjacent to avrPto1Pto JL1065. Collectively, these obser-
vations suggest that prophage-mediated mobilization is the 
dominant mechanism for intergenome mobilization of avrPto1. 

hopH1 and hopC1 in VR 18Pto DC3000 are linked to a putative 
prophage-derived pyocin insert between trpE and trpG. Al-
though this association is not found elsewhere in the three se-
quenced strains, analysis of GenBank deposition for the hopC 
orthologs in P. syringae pv. pisi race 1 (299A) (AJ277496) re-
veals a conserved arrangement between orthologs of hopH1, 
hopC1, and two genes immediately flanking. Whether this 
linkage results from vertical inheritance of a syntenically con-
served region or pyocin-associated mobilization to diverse lo-
cations is presently unknown. 

Insertion sequences acting in concert as composite trans-
posons have also played a significant role in shaping the con-
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tent of VR. Ongoing analyses are revealing large numbers of 
gene fragments within the VR, linked in many instances to the 
locations of IS insertions. An example of this phenomenon is 
readily observable in VR 107Pto DC3000, in which a hopD 
ortholog has been disrupted by an IS52 insertion and a hopH 
ortholog by an ISPsy4 insertion embedded in an insertion of 
ISPssy. Gene fragments resulting from IS insertions may hold 
the key to deciphering locations of discrete insertion events 
that have shaped VR content, as illustrated by P. syringae pv. 
tomato DC3000 VR 1, in which locations of the N and C-ter-
minal fragments of an Mg-chelatase gene (PSPTO_0042 and 
PSPTO_0060) indicate that PSPTO_0043 to 0059 (which in-
cludes hopK1Pto DC3000) were transferred to this region of the 
genome during a single mobilization event. 

VR are enriched for genes of low and  
atypical distribution relative to other bacterial genomes. 

Given the association of VR with confirmed virulence factors 
of nonuniform distribution and mobile elements promoting 
gene transfer and rearrangement, these regions are likely en-
riched for additional, as-yet-uncharacterized genes contributing 
to the bacterium-host interaction. To evaluate the distribution 
of predicted gene products in the P. syringae pv. tomato 
DC3000 VR among bacteria occupying diverse niches and of 
varying degrees of genetic relatedness, chromosomal and plas-
mid-borne coding sequences from DC3000 were compared 
with coding sequences of 41 other bacterial genomes, including 
12 sequenced pseudomonads, representatives of all sequenced 
genera in the γ and β-proteobacteria, and including completed 
sequences of the canonical phytopathogens. Results of 
BLASTP analyses are shown in the wheel diagrams in Figure 
2, generated using Genome Diagram software (Pritchard et al. 
2006). Locations of DC3000 VR are indicated in the outermost 
ring of the genome wheel. Similar representations of large-
scale genome comparison have previously been diagrammed 
for P. atrosepticum (Toth et al. 2006). A linear representation 
of BLASTP data for the DC3000 chromosome and plasmids, 
similar to the output shown in Figure 1B is provided on the 
Pseudomonas-Plant Interaction website. 

Consistent with observations made for P. atrosepticum (Bell 
et al. 2004; Toth et al. 2006), the P. syringae pv. tomato DC3000 
genome is a mosaic of broadly conserved regions interspersed 
with relatively open “rays” reflecting low or inconsistent conser-
vation of component genes across the majority of genomes ana-
lyzed. VR generally correlate with locations of these open rays, 
though some also encompass areas of greater cross-genome 
conservation, particularly when component genes are members 

 

Fig. 1. Conservation between Pseudomonas syringae pv. tomato DC3000 
(Pto) variable region 24 (VR #24) and regions in other genomes. A, Com-
parison of DC3000 VR 24 with the integrative and conjugative element
(ICEland) PPHGI-1 from P. syringae pv. phaseolicola 1302A and speci-
fied regions in P. syringae pv. phaseolicola (Pph), P. syringae pv. syringae
(Psy), and Pectobacterium atrosepticum (Pa). cfa = coronafacic acid, Cu
resis. = copper resistance, HA = hemagglutinin, hrpL-reg. = genes in the 
hrpL regulon, hyp. = hypothetical, and T4 pili = type 4 pili. Hops AJ, AT,
AR1, D1, G1, Q1, and R1 are shown without the hop gene designation. B,
Presence of DC3000 VR 24 orthologs in 58 other genera as determined by
BLASTP analysis. Orthology of DC3000 loci (shown in sequential order
on the x axis) with open reading frames in selected bacterial genomes
(listed on the y axis) is indicated with colored squares, with the intensity of 
color proportional to the degree of sequence similarity. Mobile genetic ele-
ments are shown in red and members of the HrpL regulon in green. Pseu-
dogenes, evaluated by BLASTN due to the absence of coding sequences in
the genome annotation, are shown in black. Loci corresponding to ICE-
land components conserved between VR 24Pto DC3000 and PPHGI-1 are 
indicated with asterisks. Genomes are grouped into four categories corre-
sponding to pseudomonads, nonpseudomonad γ-proteobacteria, xanthomo-
nads, and β-proteobacteria. Individual genomes showing orthology to the
ICEland sequences are indicated as follows: Psyr = P. syringae pv. syrin-
gae B728a, Pf = P. fluorescens Pf-5, Pp = P. putida F1, PA14 = P. aerugi-
nosa UCBPP-PA14, PA7 = P. aeruginosa PA7, P Pa = ectobacterium
atrosepticum SCRI1043, Se = Salmonella enterica subsp. enterica serovar 
Typhi CT18, Xcv = X. campestris pv. vesicatoria 85-10, Xac = X. axono-
podis pv. citri 306, Bx = Burkholderia xenovorans LB400, Rm = Ralstonia
metallidurans CH34. A complete listing of the 58 genomes screened is
provided in the supplemental information published online. 
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Fig. 2. Representation of Pseudomonas syringae pv. tomato DC3000 coding sequences in selected bacterial genomes as determined by BLASTP analysis of A, 
the DC3000 chromosome (NC_004578), B, DC3000 plasmid pDC3000B (NC_004632), and C, DC3000 plasmid pDC3000A (NC_004633). A, The outermost 
ring represents DC3000, with purple bars on the chromosome wheel indicating locations of variable regions. Presence of orthologs in other genomes is indicated
on the remaining rings, with intensity of color proportional to the degree of sequence similarity. Locations of the DC3000 hop islands are shown (Wei et al. 2007), 
and regions enriched for genes found in two or fewer of the genomes screened are indicated with red bars. Genomes are grouped into four categories
corresponding to pseudomonads, nonpseudomonad γ-proteobacteria, xanthomonads, and β-proteobacteria, with each category delineated by a solid gray line. The 
complete list of genomes from outer to innermost ring are as follows. Pseudomonads: 1, P. syringae pv. phaseolicola 1448A; 2, P. syringae pv. syringae B728a; 3, 
P. fluorescens PfO-1; 4, P. fluorescens Pf-5; 5, P. putida KT2440; 6, P. putida F1; 7, P. entomophila L48; 8, P. stutzeri A1501; 9, P. mendocina YMP; 10, P. 
aeruginosa UCBPP-PA14; 11,, P. aeruginosa PAO1; 12, P. aeruginosa PA7. Nonpseudomonad γ−proteobacteria: 13, Photorhabdus luminescens subsp. laumondii
TTO1, 14. Shewanella frigidimarina, 15. Shewanella sp. MR-4, 16. Yersinia pseudotuberculosis IP 32953, 17. Yersinia pestis Antiqua; 18, Pectobacterium 
atrosepticum SCRI1043; 19, Salmonella enterica subsp. enterica serovar Choleraesuis SC-B67; 20, Salmonella enterica subsp. enterica serovar Typhi CT18; 21, 
Salmonella enterica subsp. enterica serovar Paratyphi A ATCC 9150; 22, Escherichia coli O157:H7 EDL933; 23, Escherichia coli UTI89; 24, Escherichia coli
K12; 25, Vibrio vulnificus YJ016; 26, Vibrio cholerae O1 biovar eltor N16961; 27, Shigella flexneri 5 8401; 28, Aeromonas hydrophila subsp. hydrophila ATCC 
7966. Xanthomonads: 29, X. campestris pv. vesicatoria 85-10; 30, X. campestris pv. campestris ATCC 33913; 31, X. axonopodis pv. citri 306; 32, X. oryzae pv.
oryzae MAFF 311018; 33, Xylella fastidiosa Temecula1. β-proteobacteria; 34, Burkholderia xenovorans LB400; 35, Burkholderia cenocepacia HI2424; 36, 
Burkholderia thailandensis E264; 37, Burkholderia mallei ATCC 23344; 38, Ralstonia metallidurans CH34; 39, Ralstonia eutropha JMP134; 40, Ralstonia 
solanacearum GMI1000; 41, Bordetella bronchiseptica RB50. Canonical phytopathogens are shown in orange. 
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of broadly conserved families. Examples include the genes en-
coding nonribosomal peptide synthase and filamentous hemag-
glutinin associated with VR 66 and 75, respectively, that elicit 
strong BLASTP hits from family members in many other 
species (Fig. 2A). As with the VR on the chromosomes, the 
plasmid coding sequences also exhibit low and idiosyncratic 
conservation with the contents of other genomes. Altogether, 
there are 832 DC3000 coding sequences with orthologs in no 
more than two of the 41 genomes analyzed. Of these, 438 are 
unique to DC3000 and 135 are limited to the three sequenced 
P. syringae genomes, representing not only candidate genes for 
strain and species-specific host interaction factors but also a 
valuable population of potential molecular markers for use in 
genome-based diagnostics (Vieira et al. 2007). Ongoing genome 
sequencing of additional P. syringae strains and other pseudo-
monads is expected to further refine the pools of strain- and 
species-specific genes. VR particularly enriched for genes of 
limited distribution include VR 1, 24, and 107 (Fig. 2A). 

Aside from the virulence genes and mobile elements already 
noted, what functional information is available for genes in the 
VR? For the most part, very little is known, with over 30% of 
the genes in VR presently annotated as “hypothetical” or “con-
served hypothetical.” While the present review focuses on dis-
tribution patterns observed for known virulence-associated 
genes, future work will involve analysis of expression and dis-
tribution patterns for this uncharacterized reservoir of potential 
host-association genes. An important first step is represented 
by the ongoing direct sequencing of the P. syringae pv. tomato 
DC3000 transcriptome. This information on DC3000 tran-
scripts is not only providing confirmation for gene products 
identified by orthology, such as the XaxAB toxins, but is also 
confirming expression and significantly refining coordinates 
for those genes lacking functional annotation (M. Filiatrault, 
personal communication). Complementary data obtained by 
shotgun proteomics methods confirm the expression of pro-
teins encoded by what have, until now, been known only as hy-
pothetical genes based on machine-generated ORF calls (D. J. 
Schneider, personal communication). These data, to be added 
to the annotation records at NCBI, will provide a sound ex-
perimental basis for accurate annotation of orthologs in strains 
and species with genome sequencing planned or underway and 
pave the way for meaningful investigation of their distribution 
among diverse bacteria and potential roles in the host-patho-
gen interaction. 

Summary. 
Advances in P. syringae gene characterization made since 

deposition of the original genome sequences for DC3000, 
1448a, and B728a are broadening the current understanding of 
factors implicated in virulence and survival in the plant-associ-
ated niche. 

To explore the relationship between virulence gene location 
and genome structure, a systematic approach for genome struc-
ture characterization was developed, incorporating composi-
tional deviation and divergence in genome alignment. This ap-
proach, used here to generate a map of core regions and VR 
for the P. syringae genomes, is readily applicable to other sets 
of related genomes. 

Analysis of the locations of virulence factors relative to the 
P. syringae genome map reveals strong segregation of the 
HrpL regulon with VR, divergent distribution patterns for toxin 
genes depending on their association with plant or insect 
pathogenesis, and patterns of distribution for other virulence 
genes that highlight potential sources of strain-to-strain differ-
ence in host interaction. 

A subset of the VR contain dense mosaics of mobile genetic 
elements including phage, insertion sequences, and ICElands 

interspersed with gene fragments resulting from their activity. 
Ongoing identification of gene fragments coupled with future 
comparisons with additional P. syringae genomes will allow 
researchers to more clearly distinguish the individual genome 
rearrangement events that have shaped genome structure. 

BLASTP analysis of P. syringae pv. tomato DC3000 genes 
with 41 other sequenced genomes reveals that the VR are en-
riched for genes with limited distribution and little or no func-
tional characterization. Their presence in regions of high gene 
turnover and horizontal transfer suggests a possible role in 
unexplored strategies of adaptation to host and other environ-
mental niches. Further characterization will be accomplished 
by comparison with the full range of genes and functional mo-
tifs available in public databases, together with application of 
proteomics data and transcriptome mapping to verify expres-
sion and refine annotated boundaries. 

The resulting high-value annotation record for DC3000 will 
represent an invaluable resource for in-depth experimental 
characterization of the biological roles of expressed but func-
tionally uncharacterized genes in the VR and comparison of 
gene repertoire and syntenic arrangement with those of P. sy-
ringae genomes currently being sequenced. 

Since publication of its genome sequence in 2003, the sig-
nificance of P. syringae pv. tomato DC3000 as a model system 
has been repeatedly reinforced by extensive characterization of 
virulence determinants, large-scale bioinformatic analyses, and 
structural characterization of gene products by researchers in 
diverse fields. Ongoing curation of its genome annotation 
through incorporation of new data such as those reviewed here 
is vital to the continuing role of DC3000 as a model system for 
experimental investigation and a model annotation record upon 
which future P. syringae genome annotations can be based. 
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